Responses of renal nerve activity and urinary Na+ and Clexcretion were examined in chronically instrumented conscious dogs through feedings of boiled rice with or without NaCl. The boiled rice (20 g/kg body wt) without NaCl did not influence plasma Na+ and Clconcentrations, renal nerve activity, or urinary Na+ excretion but decreased urinary Clexcretion. On the other hand, boiled rice containing NaCl (0.4 g/kg body wt) increased plasma Na+ (+3.8±0.7 meq/l) and Cl-(+3.0±1.5 meq/l) concentrations, then decreased renal nerve activity by 61±4%, and increased urinary Na+ and ClF excretions. In dogs with hepatic denervation, a decrease in renal nerve activity, which was observed in intact dogs in response to the high-NaCI food intake, was completely abolished along with significant attenuation of postprandial natriuresis. That is, only 9±5% of the loaded Na+ and 7±3% of the loaded ClF were excreted during 4 consecutive hours in hepatic-denervated dogs, whereas 36±5% of the loaded Na+ and 36±4% of the loaded Clwere excreted in intact dogs. In dogs with renal denervation, postprandial natriuresis was also attenuated. These results indicate that the high-NaCI food intake elicits a decrease in renal nerve activity, the decrease is predominantly mediated by the hepatic nerves, and the decrease in renal nerve activity plays an important role in augmentation of urinary Na+ and Clexcretion. Thus, the hepatorenal reflex may play an important role in controlling extracellular fluid homeostasis during food intake.
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Responses of renal nerve activity and urinary Na+ and Clexcretion were examined in chronically instrumented conscious dogs through feedings of boiled rice with or without NaCl. The boiled rice (20 g/kg body wt) without NaCl did not influence plasma Na+ and Clconcentrations, renal nerve activity, or urinary Na+ excretion but decreased urinary Clexcretion. On the other hand, boiled rice containing NaCl (0.4 g/kg body wt) increased plasma Na+ (+3.8±0.7 meq/l) and Cl-(+3.0±1.5 meq/l) concentrations, then decreased renal nerve activity by 61±4%, and increased urinary Na+ and ClF excretions. In dogs with hepatic denervation, a decrease in renal nerve activity, which was observed in intact dogs in response to the high-NaCI food intake, was completely abolished along with significant attenuation of postprandial natriuresis. That is, only 9±5% of the loaded Na+ and 7±3% of the loaded ClF were excreted during 4 consecutive hours in hepatic-denervated dogs, whereas 36±5% of the loaded Na+ and 36±4% of the loaded Clwere excreted in intact dogs. In dogs with renal denervation, postprandial natriuresis was also attenuated. These results indicate that the high-NaCI food intake elicits a decrease in renal nerve activity, the decrease is predominantly mediated by the hepatic nerves, and the decrease in renal nerve activity plays an important role in augmentation of urinary Na+ and Clexcretion. Thus, the hepatorenal reflex may play an important role in controlling extracellular fluid homeostasis during food intake. (Circulation Research 1993;72:552-559) KEY WoRDs * salt * feeding * hepatorenal reflex * hepatic nerve * renal nerve * natriuresis * hepatic denervation * renal denervation It is generally accepted that the liver contains many receptors, which involve osmoreceptors,1-3 baroreceptors,4 6 and ionic receptors. 7 However, the physiological role of these receptors is not well known since most of these studies were conducted in situ, where the liver was perfused while measuring hepatic afferent nerve activity. The role of osmoreceptors, baroreceptors, and ionic receptors in the systemic circulation indicates that these receptors in the hepatic circulation may regulate body fluid homeostasis. Recently, we have demonstrated that stimulation of the intrahepatic NaCl receptor by a portal infusion of hypertonic NaCI solution elicits a decrease in renal nerve activity, which is abolished by hepatic denervation. 8 The decrease in renal nerve activity plays an important role in the augrnentation of NaCl excretion in response to NaCI load. 9 Thus, a hepatorenal reflex may play a significant role in regulating body fluid homeostasis. However, the physiological significance of this reflex is still unclear, since intravenous or intraportal infusions of hypertonic NaCI may not occur in the physiological condition. Therefore, the purpose of the present study was to examine whether the hepatorenal reflex plays a significant role in regulating body fluid homeostasis in a physiological condition. An oral intake of high NaCI food was used to stimulate the NaCI receptor in the liver.
Materials and Methods
All of the experiments were conducted in 18 chronically instrumented conscious female mongrel dogs weighing 7-13 kg. The dogs were fed commercial dog food at 30 g/kg body wt per day (Oriental yeast, type DS; Na+, 0.47 g/100 g) and water ad libitum. Six of the 18 dogs were anesthetized with pentobarbital sodium (30 mg/kg i.v.). An arterial catheter was inserted via the omocervical artery to the aortic arch for measuring arterial pressure. A venous catheter was inserted via the external jugular vein to the superior vena cava for blood sampling. Through a midline laparotomy, sham denervation of the liver was performed; i.e., the hepatic artery and the portal vein were exposed but not dissected. Two weeks after the first operation, a second operation was performed under pentobarbital anesthesia (30 mg/kg i.v.). Through a left flank incision, the postganglionic renal nerve was isolated, and two stainless-steel electrodes (model 7935, A-M Systems, Everett, Wash.) were placed around the nerve. The nerve and electrodes were covered and fixed with silicone gel (silicone 604A and 604B, Wacker) before closure. The electrodes and the catheters were exteriorized through the back of the neck. After each surgical procedure, the dogs were given penicillin intramuscularly for 3 days. The dogs were allowed at least 2 days to recover before the experiment. The animals used in this study were maintained in accordance with the guidelines of the committee on animals of the Kagawa Medical School and the "Guiding Principles for Care and Use of Animals in the Field of Physiological Science" of the Physiological Society of Japan, 1988.
Arterial pressure was measured by connecting the previously implanted catheter to a Statham P231D transducer. Heart rate was measured with a cardiotachometer (model 1321, San-ei, Tokyo) triggered by pulse pressure. An electronic R-C filter with a 2-second time constant was used to derive mean arterial pressure. The electrical activity recorded from the renal nerve was amplified using a 50 Hz-1 kHz band-pass filter (model AVB-10, Nihon Kohden, Tokyo). The amplifier output was filtered through a gate circuit to extract baseline noise. The noise level was determined when renal nerve discharge was eliminated baroreflexly after acute hypertension induced by an intravenous bolus injection of phenylephrine. The gate circuit output was rectified by an absolute value circuit. The rectified signal was integrated by an R-C filter with a 4-second time constant. To quantitate renal nerve activity, the values immediately before the feeding were considered to be 100%.
The dogs were deprived of food for 24 hours before the experiment. Water remained available throughout the food-deprivation period. All of the experiments were conducted while animals were conscious and sitting loosely restricted in the Pavlov stand. Arterial pressure, heart rate, and renal nerve activity were continuously monitored. Urine was collected by gravity drainage at 20-minute clearance intervals by retrograde insertion of a Foley catheter into the bladder before each experiment. After a stabilization period, a 1-hour control period was started. Dogs were then fed boiled rice (20 g/kg body wt) with NaCl (0.4 g/kg body wt: high-NaCl food) or without NaCl (NaCl-free food). The boiled rice had the following composition (g/100 g): water 83, carbohydrate 15.2, protein 1.4, and lipid 0.3. The dogs ate all the food in 2-7 minutes. All of the variables were monitored continuously for 4 hours after the feeding. The order of NaCl-free food and high-NaCl food experiments was randomized, and at least 2 days elapsed after the first experiment.
Venous blood samples (5.0 ml), for determination of biochemical markers of liver and kidney function, were drawn at 60 minutes before the feeding. Venous blood samples (1.0 ml), for determination of plasma Na+ and Cl-concentrations, were drawn at 30 and 10 minutes before the feeding and at 10, 30, 60, 90, 120, 180, and 240 minutes after the feeding. Plasma and urine Na+ and Cl-concentrations were measured by a flame photometer and Clcounter (model 750, Hitachi, Tokyo). Venous blood samples (5.0 ml) for determination of plasma arginine vasopressin concentration and renin activity were collected at 10 minutes before the feeding and at 30, 60, 120, and 240 minutes after the feeding.
These samples were kept in chilled EDTA tubes with added aprotinin (Trasylol, Bayer, Germany; final concentration, 500 kallikrein inhibitor units/ml blood). All blood samples were kept in ice until centrifugation at 4°C for plasma separation after each experiment. The plasma was then stored at -40°C for analysis. Plasma arginine vasopressin was extracted with a Sep-Pak C18 cartridge (Waters) and measured by radioimmunoassay (AVP RIA kit, Mitsubishi Yuka, Tokyo). Plasma renin activity was determined by radioimmunoassay (PRA RIA kit, Baxter Healthcare Corp., Mundelein, Ill.) of angiotensin I generated after 1 hour of incubation at 370C.
To examine the role of the hepatic nerves in the responses of renal nerve activity and renal excretory function to the high-NaCl diet, the high-NaCl food was fed to hepatic-denervated dogs (n=6). Under general anesthesia with pentobarbital sodium (30 mg/kg i.v.), the hepatic nerves were severed through midline laparotomy. There are two main neural pathways that supply the liver: a plexus around the hepatic artery (anterior plexus) and a plexus around the portal vein (posterior plexus).10 For hepatic denervation, these two plexuses were severed, and connective tissue around the hepatic artery, portal vein, and bile duct was also severed. Then a coating of 5% phenol in 70% ethanol solution was applied to these areas. The hepatic nerve branches from the anterior surface of the esophagus and on the gastrohepatic ligament were also severed. Two weeks after hepatic denervation, renal nerve electrodes and catheters were implanted using the same procedure described above. The high-NaCl feeding was carried out 2-4 days after the implantation by the same protocol described above.
To further determine the role of renal nerves in the augmentation of urinary Na+ excretion after the high-NaCl food intake, high-NaCl food was fed to renaldenervated dogs (n=6). Under general anesthesia with pentobarbital sodium (30 mg/kg i.v.), the right and left kidneys were exposed through bilateral flank incisions. Then bilateral renal denervation was performed by stripping the renal vessels, ureter, and capsule of the kidney, followed by coating of 5% phenol in 70% ethanol solution to the renal vessels. One to 2 weeks after renal denervation, feeding of high-NaCI food was carried out by the same protocol described above.
Completeness of denervation was verified at the conclusion of the experiments by measuring kidney and liver tissue catecholamines by means of high-performance liquid chromatography (models LC-6A and C-R6A, Shimadzu; model ECD-100, Eicom).
In each animal, mean arterial pressure, heart rate, and mean renal nerve activity were sampled by using an analog to digital converter (MacLab) at a rate of 100 samples per minute for 5 minutes. Then, the data were averaged over 5 minutes and presented as a single data point. These values were averaged within the same experimental group. All of the values presented are mean+SEM. For all variables, since there were no differences in the values among the averaged data during the 60 minutes before feeding, these values were averaged to obtain the prefeeding control values. The variables during and after the feeding were compared with the control value using a two-way analysis of variance.11 When the F ratio exceeded the critical value, Dunnett's multiple-sample test was applied to test the significance of the differences between the mean of control values and the values at a given time after the feeding. Table 1 , hepatic-denervated dogs and renal-denervated dogs did not show any abnormalities in biochemical markers of liver and kidney function. However, liver tissue norepinephrine levels of hepaticdenervated dogs and kidney tissue norepinephrine levels of renal-denervated dogs were less than 2% of those in the innervated livers and kidneys. Thus, the results seemed to have confirmed the effectiveness of the hepatic and renal denervation procedures.
Results

As shown in
The feeding of NaCI-free food did not influence plasma Na+ or Cl-concentration ( Figure 1 ), mean arterial pressure, heart rate, or renal nerve activity ( Figure 2 ). Urine volume and urinary Na' excretion were not altered by the feeding of NaCl-free food, whereas urinary Clexcretion was significantly decreased ( Figure 3 ). In intact dogs, the feeding of high-NaCI food gradually increased plasma Na+ and Cl-concentrations (Figure 1 ). At 4 hours after the feeding, plasma Na+ and Clconcentrations increased by 3.8+0.7 from 143.9±+1.3 meq/l and by 3.0+1.5 from 112.3±1.7 meq/l, respectively. Mean arterial pressure and heart rate were not altered, whereas renal nerve activity was significantly decreased by the high-NaCl food intake (Figure 2 ). Renal nerve activity gradually decreased and reached a minimum value (39±4%) at 100 minutes after the feeding and then remained there until 4 hours after the feeding. Plasma renin activity significantly decreased at 1 and 4 hours after the feeding (Figure 4 ). In each dog, the high-NaCI food intake increased the plasma arginine vasopressin level (from 3.1±0.2 to 6.9±2.5 pg/ml, p<0.05). However, the time that showed the peak value varied from 30 to 240 minutes after the feeding. Thus, Time (m;n) FIGURE 2. Graphs showing responses of mean arterial pressure, heart rate, and renal nerve activity in intact dogs fed a NaCl-free diet (INT NaCl free) and intact dogs fed a high-NaCl diet (INT NaCl 0.4 g/kg). Food was given at time 0. Values are mean ±SEM. *p <0. 05 vs. the prefeeding control leveL when we averaged the data by time, the plasma arginine vasopressin level did not show any significant increase (Figure 4 ). Urine volume and urinary Na+ and Clexcretions gradually increased (Figure 3 ), and 36-+5% of loaded Na+ and 36+4% of loaded Clwere excreted during 4 consecutive hours ( Figure 5 ).
In hepatic-denervated dogs, the feeding of high-NaCl food increased plasma Na+ and Cl-concentrations by 6.7+1.1 from 141.2+2.3 meq/l and by 7.6+1.6 from 107.1+3.2 meq/l at 4 hours after the feeding, respectively ( Figure 1 ). Increases in plasma Na+ and Clconcentrations in hepatic-denervated dogs were significantly larger than those in intact dogs. In spite of the larger increases in plasma Na+ and Cl-concentrations, the decrease in renal nerve activity was completely abolished in dogs with hepatic denervation (Figure 6 ). Plasma renin activity did not decrease. The plasma arginine vasopressin level tended to increase but did not reach a statistically significant level (Figure 4 ). The increases in urine volume and in urinary Na+ and Clexcretions induced by the high-NaCl food intake were significantly attenuated in hepatic-denervated dogs (Figure 7) . That is, only 9+5% of loaded Na+ and 7±3% of loaded Clwere excreted during 4 consecutive hours ( Figure 5 ).
In renal-denervated dogs, the feeding of high-NaCl food increased plasma Na+ and Cl-concentrations by 7.7+1.3 from 143.0+1.1 meq/l and by 7.7+2.1 from 108.1±1.2 meq/l at 4 hours after the feeding, respectively ( Figure 1 ). Plasma renin activity and plasma arginine vasopressin were not altered by the high-NaCl food intake (Figure 4 ). The increases in urine volume and in urinary Na+ and Clexcretions induced by the high-NaCl food intake were significantly attenuated in renal-denervated dogs and comparable with those in hepatic-denervated dogs (Figure 7) . That is, only 15+5% of loaded Na+ and 9±3% of loaded Clwere excreted during 4 consecutive hours ( Figure 5 ).
Discussion
The major findings of the present study are as follows: 1) The NaCl-free food intake did not alter renal nerve activity or urinary Na+ excretion. 2) The high-NaCI food intake decreased renal nerve activity and increased urinary NaCl excretion. 3) The main afferent and efferent pathways of postprandial natriuresis are the hepatic and renal nerves, respectively, since postprandial natriuresis was abolished by either hepatic denervation or renal denervation. 4) Thus, the hepatorenal reflex plays a significant role in regulating NaCl homeostatic balance in a physiological condition, i.e., during food intake.
To our certain knowledge, Matsukawa and Ni-nomiya12 were the first to measure renal nerve activity during food intake in conscious animals. However, the authors only measured renal nerve activity during the feeding but did not mention postprandial changes. In the present study, we measured postprandial changes in renal nerve activity and found that postprandial changes in renal nerve activity were dependent on the NaCI content of the food; i.e., when the NaCI-free food did not alter renal nerve activity, the high-NaCI food decreased renal nerve activity. The decrease in renal nerve activity was completely abolished by hepatic denervation. This suggests that the afferent pathway of the decrease in renal nerve activity is the hepatic nerves. Furthermore, postprandial natriuresis, which ... was observed in the intact dog, was significantly attenuated by hepatic denervation or renal denervation. These results suggest that the decreased renal nerve activity, which was mainly mediated by the hepatic nerves, plays an important role in postprandial natriuresis. An intravenous volume load with isotonic and isooncotic dextran in saline elicited a decrease in renal nerve activity, which had a significant effect on NaCI and water excretion. 13 The decrease in renal nerve activity was not abolished by sinoaortic baroreceptor denervation procedure alone but was completely abolished by sinoaortic baroreceptor denervation plus vagotomy.1 Thus, cardiopulmonary volume receptors play a significant role in the reduction of renal nerve activity induced by acute volume expansion with an isotonic solution. An intravenous NaCl load with hypertonic saline also decreased renal nerve activity. However, the decrease in renal nerve activity was not abolished by sinoaortic baroreceptor denervation plus vagotomy.9 Combined hepatic denervation and sinoaortic baroreceptor denervation plus vagotomy completely abolished the decrease in renal nerve activity induced by intravenous hypertonic NaCl infusion.9 Thus, the hepatic nerves as well as the carotid sinus nerve, the aortic nerve, and the vagus nerve (probably involving, in part, FIGURE 7 . Graphs showing responses of urine volume, urinary Na+ excretion, and urinary Cl-excretion in intact dogs fed a high-NaCI diet (INT NaCI 0.4 g/kg), dogs with hepatic denervation fed a high-NaCI diet (HD NaCI 0.4glkg), and dogs with renal denervation fed a high-NaCI diet (RD NaCI 0.4 glkg). Food was given at time 0. Values are mean +SEM. *p<0.01 vs. the prefeeding control level. the hepatic afferent fibers) mediate the decrease in renal nerve activity in response to hypertonic NaCI infusion.9 Therefore, the afferent mechanisms involved in the decrease in renal nerve activity induced by intravenous NaCl load and intravenous volume load are different.
In the present study, an oral NaCl load resulted in a decrease in renal nerve activity, which was completely abolished by hepatic denervation alone. Thus, the afferent pathways of the decreased renal nerve activity induced by the intravenous NaCl load and the oral NaCI load are quite different. These results suggest that the role of the liver in the regulation of body fluid NaCl homeostasis becomes more important when NaCl is loaded orally in comparison with when it is loaded intravenously. Lennane et al14 also found evidence for the hypothesis that there might be "sodium input receptors" in the gastrointestinal tract or portal circulation. When these authors compared the sodium excretion after oral and intravenous sodium loading in sodium-depleted humans, they found that those who received sodium orally excreted it more rapidly than those who received it intravenously. Similar results were obtained in sodium-depleted rabbits. 15 Responses of renal nerve activity to the high-NaCl food lasted at least 4 hours. This is not due to a deterioration of the renal nerve signal, because renal nerve activity in response to the NaCl-free food did not change throughout 4 hours after the feeding. One possible explanation is that the intrahepatic NaCl receptor was continuously stimulated for more than 4 hours, since plasma Na+ and Clconcentrations show significantly higher levels even 4 hours after the feeding. In this concern, another question arises. Why do the increases in plasma Na+ and Clconcentration last so long? Does the absorption of Na+ and Cllast as long?
In our preliminary experiment, Na+ and Clabsorption from the intestine was examined in the anesthetized dog. By continuously measuring portal venous plasma flow, arterial and portal venous Na+ and Clconcentrations were measured. Then, 20 ml/kg water containing 0.4 g/kg NaCl was administered into the duodenum. The intestinal Na+ and Clabsorption was calculated by portal venous plasma flow and differences between portal venous and arterial NaCI concentrations. In this experiment, absorption of Na+ and Cl-lasted only 80 minutes. However, increases in plasma Na+ and Clconcentrations lasted even after absorption of Na+ and Clceased (authors' unpublished observations). The same pattern of absorption probably occurred in the conscious dog experiment. Although Na+ and Clabsorption did not last as long, increases in plasma Na+ and Clconcentrations might continuously stimulate the intrahepatic NaCl receptor and then continuously depress renal nerve activity. It has been well documented that the mammalian liver contains many receptors, which involve osmoreceptors,1-3 baroreceptors,4-6 and NaCI receptors.7,8"16-'9 An electrophysiological observation demonstrated the existence of NaCl-sensitive receptors in the liver. Andrews and Orbach7 have been able to record impulses from hepatic afferent NaCl-sensitive nerves, which responded to increased or decreased NaCI concentration of the hepatic perfusate. However, the role of the hepatic NaCl receptor in regulating body fluid homeostasis is still controversial. A portal infusion of hypertonic solution produced far greater natriuresis than was observed after similar infusions from the systemic vein in anesthetized dogs16'19 and cats. 18 On the other hand, Kapteina et a120 and Schneider et a121 failed to reveal differences between portal and caval administration of hypertonic saline on urine flow or urinary sodium excretion in conscious dogs. The differences in the responses were not due to anesthesia or species differences, since Glasby and Ramsay22 could not find any significant differences between the portal and systemic venous infusions in conscious dogs and in pentobarbitalanesthetized dogs. It is most likely that the different findings depended on the dose of NaCl solution, since Strandhoy and Williamson19 demonstrated that a portal infusion of 5% NaCl at 0.1 ml/kg per minute elicited a greater increase in urinary Na+ excretion than femoral infusion, whereas no differences between the two routes were found at an infusion of 0.4 ml/kg per minute. These results suggest two possible explanations. First, when the dose of loaded NaCI is small, NaCl given intravenously may not be sufficient to stimulate intrahepatic NaCl receptors, but the same load of NaCI given intraportally could be enough to stimulate intrahepatic NaCl receptors. However, when the dose of intravenously loaded NaCI is large, it is sufficient to stimulate intrahepatic receptors and induce a natriuresis comparable to one induced by portal infusion. Second, when a dose of intravenously loaded NaCI is small, intravenously loaded NaCl may not stimulate baroreceptors, osmoreceptors, volume receptors, and/or NaCl receptors in the systemic circulation. On the other hand, when a dose of intravenously loaded NaCl is large, intravenously loaded NaCl may stimulate baroreceptors, osmoreceptors, volume receptors, and/or NaCl receptors in the systemic circulation, which then elicits natriuresis comparable to the portal infusion. In the present study, we clearly demonstrated that the intrahepatic receptors play a significant role in postprandial natriuresis. These results suggest that intrahepatic receptors may play a physiological role in regulating NaCI homeostasis. However, in dogs with hepatic denervation (no afferent pathway) or dogs with renal denervation (no efferent pathway), we could find no abnormality in body fluid homeostasis (normal plasma Na+ and Clconcentrations, no sign of ascites, no abnormal body weight gain, and normal urinary Na+ and Clexcretions) when they ate normal amounts of NaCl in their food. On the other hand, when they ate high-NaCl food, they excreted only 30% of the NaCl excreted by intact dogs. These results suggest that the hepatorenal reflex may not be an important mechanism in normal food intake, but when high NaCl food is loaded, this mechanism becomes important. Kostreva et a15 first demonstrated the hepatorenal baroreflex by directly measuring hepatic afferent and renal efferent nerve activity. They found that stimulation of hepatic baroreceptors by increasing intrahepatic sinusoidal pressure increased renal nerve activity. Thus, portal hypertension in hepatic cirrhosis appears to activate the hepatorenal baroreflex, causing an increase in renal nerve activity along with renal Na+ retention. In fact, DiBona et a14 demonstrated that Na+ retention in rats with hepatic cirrhosis was partially dependent on an increase in basal renal nerve activity. Furthermore, Lang et a16 demonstrated that an intrahepatic glutamine infusion at a rate known to induce liver cell swelling decreased renal plasma flow, glomerular filtration rate, and urine flow. These responses were completely abolished by hepatic denervation or renal denervation. Liver cell swelling could increase intrahepatic pressure; thus, these results suggest that intrahepatic baroreceptors reflexly control renal nerve activity and regulate renal excretory function. However, the decrease in renal nerve activity induced by the high-NaCI food may not have been due to the stimulation of intrahepatic baroreceptors, since food intake elicits an increase in portal venous pressure, 26 which, in turn, elicits an increase in renal nerve activity and not a decrease in renal nerve activity.5
In conclusion, the high-NaCI food intake elicits a decrease in renal nerve activity, which is predominantly mediated by the hepatic nerves, and this decrease in renal nerve activity plays an important role in the augmentation of urinary NaCl excretion. Thus, the hepatorenal reflex may play an important role in controlling extracellular NaCl homeostasis in the physiological condition.
